Why do some host-parasite interactions become less antagonistic over evolutionary time? Vertical transmission can select for reduced antagonism. Vertical transmission also promotes coevolution between hosts and parasites. Therefore, we hypothesized that coevolution itself may underlie transitions to reduced antagonism. To test the coevolution hypothesis, we selected for reduced antagonism between the host Caenorhabditis elegans and its parasite Serratia marcescens. This parasite is horizontally transmitted, which allowed us to study coevolution independently of vertical transmission. After 20 generations, we observed a response to selection when coevolution was possible: reduced antagonism evolved in the co-passaged treatment. Reduced antagonism, however, did not evolve when hosts or parasites were independently selected, without coevolution. In addition, we found strong local adaptation for reduced antagonism between replicate host/ parasite lines in the co-passaged treatment. Taken together, these results strongly suggest that coevolution was critical to the rapid evolution of reduced antagonism.
Introduction
Species interactions vary enormously, from highly antagonistic (e.g. host-parasite and predator-prey) to mutualistic. Moreover, the nature of a given interaction is not always evolutionarily stable: interspecific interactions can shift readily between parasitism and mutualism (e.g. Clay 1990; Herre 1993; Noda et al. 1997; Nishiguchi and Nair 2003; Sawada et al. 2003; Thompson 2005; Fenn and Blaxter 2006; Petersen and Tisa 2013) (reviewed in Thompson 1994) . The manner in which two partners interact may even vary within and between populations of the same species (Smith 1968; Thompson 1988; Burdon et al. 1999; Kraaijeveld and Godfray 1999; Thompson and Cunningham 2002; Weeks et al. 2007 ). Of particular interest are those cases in which mutualisms seem to have arisen from parasitic interactions (e.g. Jeon 1972; Carroll 1988; Bandi et al. 1999; Hentschel et al. 2000; Dedeine et al. 2001; Dale et al. 2002; Weeks et al. 2007; Degnan et al. 2009; Hosokawa et al. 2010) . These cases raise a puzzling, though pressing question: why, from an evolutionary standpoint, do transitions towards reduced antagonism occur?
Studies of parasite transmission mode have demonstrated that vertical transmission, from parent to offspring, can select for reduced antagonism (Bull et al. 1991; Herre 1993; Clayton and Tompkins 1994; Lipsitch et al. 1996; Turner et al. 1998; Messenger et al. 1999; Stewart et al. 2005; Sachs and Wilcox 2006) . According to theory, the alignment of host and parasite fitness selects for reduced antagonism. Fitness alignment refers to a positive covariance of host and parasite fitness. Under vertical transmission, parasite fitness is contingent upon host survival and reproduction, and this positive fitness covariance favors reduced antagonism. Under horizontal transmission, the covariance of host and parasite fitness can be negative: selection for increased parasite transmission between hosts may select for increased withinhost reproduction and thereby increased antagonism (Anderson and May 1982; Ewald 1987; Bull 1994; Frank 1996; Wade 2007) . The direction of selection on antagonism thus varies with transmission mode.
The opportunity for coevolution also varies with transmission mode. Vertical transmission provides a unique opportunity for strong coevolution, because host and parasite lineages are paired over multiple generations. Conversely, horizontal transmission impedes tight coevolution between a single host and parasite lineage, because the parasite lineage is continually transmitted between different host lineages. Therefore, in contrasting vertical with horizontal transmission, prior studies have not only compared experimental conditions with selection for and against antagonism. They have also inadvertently compared experimental conditions with high and low potential for coevolution, respectively.
To build upon this prior work, we tested the hypothesis that coevolution is fundamental to the evolution of reduced antagonism. We tested the role of coevolution, independently of vertical transmission, by using a horizontally transmitted parasite. This enabled us to impose selection for reduced antagonism directly, rather than indirectly through transmission mode. Accordingly, we did not manipulate transmission mode. Rather, we manipulated only the potential for coevolution in order to compare the degree of reduced antagonism achieved when coevolution was possible vs. that achieved when coevolution was prevented.
We tested this coevolution hypothesis through experimental evolution of the interaction between a nematode host, Caenorhabditis elegans, and a virulent bacterial parasite, Serratia marcescens. These experimental host and parasite populations were previously under selection for increased antagonism (Morran et al. 2011) . In the present study, we reversed this selection. We favored reduced antagonism by selecting for hosts and parasites that were able to persistently interact, such that hosts survived to reproduction without clearing the parasites. In the co-passaged treatment, we allowed coevolution by selecting for reduced antagonism simultaneously in both partners. We contrasted this with the singly passaged treatments in which we prevented coevolution by selecting on one partner while holding the other constant. In all treatments, parasites were transmitted horizontally, not vertically, in order to investigate coevolution independently of transmission mode.
If coevolution contributes to the reduction in antagonism between hosts and parasites, we predicted that the response to selection for reduced antagonism would be greater under copassaging than under singly passaging. Our results support this prediction: reduced antagonism, in the form of a diminished fecundity cost of infection in hosts, evolved only in the pairing of co-passaged hosts and parasites. Moreover, shifts in host or parasite phenotypes alone could not explain the reduced antagonism of the co-passaged pairing. Rather, the interaction of host and parasite lineages was a significant factor in the reduction in antagonism. In addition, we found strong local adaptation between co-passaged host and parasite lineages. Our results argue that coevolution underlies the observed reduction in antagonism.
Methods

Host and parasite populations
Caenorhabditis elegans is a model for the study of host-parasite interactions (Kurz and Ewbank 2000) , and there is reason to believe that C. elegans and Serratia marcescens interact in nature Schulenburg and Ewbank 2004; Pradel et al. 2007 ). This interaction is fascinating with respect to transitions in antagonism: S. marcescens is a virulent parasite not only of nematodes, but also of insects, corals, and humans (nosocomial). Yet some nematode species form mutualistic associations with S. marcescens and closely-related species (Petersen and Tisa 2013) . The diversity of interactions between nematodes and Serratia argues that transitions in antagonism are common. Our experimental evolution harnesses the evolutionary lability of this association to conduct a general test of the role that coevolution plays in transitions to reduced antagonism between naturally interacting species.
Replicate parasite populations were derived from S. marcescens strain Sm2170, which is highly virulent towards C. elegans (Schulenburg and Ewbank 2004) . Caenorhabditis elegans hosts were derived from the strain PX382, an inbred line of CB4856. Five replicate populations were independently mutagenized with ethyl methanesulfonate to introduce genetic variation. These host populations were then co-passaged with populations of Sm2170 for 30 generations as part of a prior experiment (Morran et al. 2011) . Assays of this experiment demonstrated that these host replicate lines adapted to resist their co-passaged parasite lines: co-passaged hosts showed significantly lower mortality rates than ancestral hosts when exposed to co-passaged parasites (Morran et al. 2011 : mixed mating coevolved lines). Moreover, significant local adaptation of co-passaged parasite lines to kill sympatric co-passaged host lines strongly suggested genetic divergence between host lines under antagonistic coevolution (Morran et al. 2014 : mixed mating coevolved lines).
We used these five divergent, co-passaged host populations as the ancestral replicate lines for our experimental evolution. We did so first because they provided an antagonistic starting point from which to select for reduced antagonism. Secondly, we observed a "reduced antagonism" phenotype at relatively high frequency in these host lines. Serratia marcescens typically colonizes the intestine of C. elegans hosts, resulting in loss of fecundity (Schulenburg and Ewbank 2004; Morran et al. 2011 ) and rapid host mortality (Mallo et al. 2002) . In these lines, we observed hosts with light infections of S. marcescens in their upper intestines. Through a stereoscope, the infection is readily evident as a bright red band or cluster of colonies just below the pharynx (Fig. S1 ). Preliminary observations indicated that hosts carrying S. marcescens in this region survive and reproduce without clearing the infection. Because host and parasite coexist for an extended period without a total loss of fitness for host (i.e. no death or sterilization) or parasite (i.e. no host recovery), we chose this "ruby-throated" phenotype as a model of reduced antagonism.
Prior to commencing experimental evolution, we quantified the frequency of the rubythroated phenotype in a naïve nematode line vs. one with 30 generations of prior exposure to S. marcescens. 750 L3-L4 nematodes were added to a lawn of Sm2170 (as in Serratia selection plates, described below). Sixty hours later, we counted the number of ruby-throated hermaphrodites on the plates. We assayed ten plates for each of the two host lines. To compare ruby-throated frequency between lines, we performed a Student's t-test in R v3.0.2 (R Core Team 2013)
Experimental evolution of reduced antagonism
We devised experimental evolution treatments in order to select for 1. Ruby-throated hosts, which survive and reproduce with a persistent infection and/or 2. Ruby-throated parasites, which establish persistent infections without rapidly killing or sterilizing the host. Treatments selected for the evolution of reduced antagonism under conditions that did or did not permit coevolution (Fig. 1 ). In the "co-passaged" treatment, coevolution of host and parasite was possible: hosts and parasites were simultaneously passaged. Two "singlypassaged" treatments did not permit coevolution: selection for reduced antagonism was conducted separately on host and parasite. Each generation of selection, ruby-throated hosts and parasites were paired with static ancestral parasites and hosts, respectively. Two control treatments prevented coevolution and symbiosis: control hosts and parasites were selected at random and passaged in the absence of live parasites and hosts, respectively. Control treatments served to account for genetic drift and non-focal selection pressures. Each of these five treatments had five replicate host populations; these were the five divergent lineages resulting from a prior experimental evolution project, as discussed above. We conducted 20 generations of selection.
Transfer and Selection on SSPs
We describe here the details of the co-passaged treatment, followed by specific modifications for the four remaining treatments (Fig. 1) . Selection was performed on Serratia selection plates (SSPs), which we constructed as in Morran et al. (2011) . We added 1500 L3-L4 nematodes to a lawn of S. marcescens to force hosts and parasites to interact.
Hosts migrated towards the opposite half of the plate, seeded with a lawn of OP50 (food source). After 60 hours on the plates, we transferred approximately 20 ruby-throated hosts per replicate to a new plate, seeded with only OP50. Ruby-throated hosts were then allowed to reproduce. After 48 hours, parental ruby-throated hosts were separated from their F1 offspring by size and phenotype. F1 host offspring were washed with M9 buffer and transferred to a plate seeded with OP50 to reproduce for 65 hours. Ruby-throated parasites were extracted from the ∼20 parental ruby-throated hosts by washing hosts repeatedly with M9 buffer to remove external bacteria and then crushing them to release the ruby-throated bacteria. The isolated bacteria were grown on a plate for 24 hours at 28°C. Colonies were then randomly selected for growth in Luria Broth (LB) overnight at 28°C (n=10). This culture was used to seed a new SSP. 1500 L3-L4 F2 hosts were added to this plate for the next generation of selection.
In the singly-passaged host treatment, ruby-throated hosts were passaged as in the copassaged treatment. However, in place of the ruby-throated parasites, we used ancestral Sm2170 for seeding of the subsequent SSP. In the singly-passaged parasite treatment, rubythroated parasites were passaged as in the co-passaged treatment. However, each generation, in place of the ruby-throated hosts, we obtained offspring from ancestral host populations maintained at 15°C. In the control host treatment, SSPs were constructed with heat-killed Sm2170 in place of live parasites. Twenty hosts were selected at random from SSPs and allowed to reproduce. In the control parasite treatment, SSPs were constructed as in the copassaged treatment, but no hosts were added. Free-living parasites were passaged by randomly selecting 20 colonies from the Sm2170 lawn in order to roughly mimic the number of parasites passaged when transferring 20 ruby-throated hosts. Host and parasite lines were stored at -80°C after 20 generations of selection (Supplemental Methods).
Assays of Frequency, Fecundity and Virulence
Both an increase in frequency of the ruby-throated phenotype and an increase in fecundity of ruby-throated hosts are consistent with a response to selection for reduced antagonism. We therefore compared ruby-throated frequency and fecundity in various combinations of host and parasite lines in order to 1. Test if reduced antagonism evolved primarily when coevolution was possible (co-passaged treatment) (Table 1A ,B) and 2. Evaluate the relative contributions of host vs. parasite evolution in the transition to reduced antagonism (Table  1C,D) . We reduced variation resulting from sex-specific differences in the ruby-throated phenotype by selecting 20 unmated hermaphrodites to establish low-male subpopulations. Assays were then performed so as to replicate the conditions of experimental evolution.
We first quantified changes from the ancestor in the frequency of formation of the rubythroated phenotype. Two hundred L3-L4 nematodes from low-male lines were added to SSPs, constructed as outlined above. After 65 hours, we counted the total numbers of adult hermaphrodites and adult ruby-throated hermaphrodites on the OP50 halves of the SSPs. We assayed three replicates for each combination of host and parasite line (combinations given in Table 1A , C-D). For all assays, host lines were paired with sympatric parasite lines except in the local adaptation assays below. For each comparison, a separate ANOVA was performed in SPSS v21 (IBM) to test the effect of treatment, line, replicate, and the treatment by line interaction on the frequency of ruby-throated hosts. Replicate was excluded when insignificant. In all statistical analyses, treatment was a fixed effect, while line and replicate were treated as random. We additionally performed a linear contrast test of ruby-throated frequency in control, singly-passaged, and co-passaged pairings vs. ancestral pairings.
Fecundity assays were an extension of the frequency assays above. After measuring rubythroated frequency, we selected ten ruby-throated hermaphrodites from each replicate and transferred them to individual plates. In total, we isolated 30 ruby-throated hermaphrodites (10 × 3 replicates) per combination of host and parasite line. After 48 hours, we counted the number of offspring per hermaphrodite. For each comparison (Table 1A -D), a separate ANOVA was performed on ruby-throated fecundity, as described above. We similarly measured the fecundity of uninfected hosts from all treatments in order to evaluate the contribution of host evolution alone to observed reductions in antagonism (Supplemental Methods).
We also quantified the change in parasite virulence during experimental evolution in order to evaluate the contribution of parasite evolution alone to observed reductions in antagonism. Parasite virulence was assessed through mortality assays, as described in Morran et al. (2011) . We measured the mortality rate as the proportion of dead/morbid hosts after 24 hours of exposure of standard host lines to ancestral, control, singly-passaged, and copassaged parasite lines (Supplemental Methods). An ANOVA was performed as described above.
Local adaptation
To determine if co-passaged hosts and parasites coevolved during experimental evolution, we tested the degree of local adaptation for reduced antagonism. We performed fully reciprocal cross-infections between our five co-passaged host and parasite lines (25 combinations). Fecundity was measured as described above, excepting that for each combination, 15 adult ruby-throated hermaphrodites were isolated from a single SSP. Analyses of local adaptation were based upon Morran et al. (2014) . We first performed an ANOVA to test for a significant interaction effect of host and parasite line on ruby-throated fecundity. We then evaluated overall local adaptation by performing a linear contrast test of the fecundity of ruby-throated hosts in all sympatric pairings (n=5) versus all allopatric pairings (n=20) (Blanquart et al. 2013) .
We also performed fine-scale local adaptation tests for each host and parasite pairing (Morran et al. 2014 ). We did so using a linear contrast test of the sympatric host-parasite pairing against all allopatric pairings: we compared the fecundity of the sympatric pairing (e.g. co-passaged host line 1 with co-passaged parasite line 1) with that of the host population plus allopatric parasite populations (e.g. co-passaged host line 1 with copassaged parasite lines 2-5) and that of the parasite population plus allopatric host populations (e.g. co-passaged parasite line 1 with co-passaged host lines 2-5). One-tailed linear contrast tests were performed independently for lines 1-5 to evaluate the hypothesis that the fine-scale tests of local adaptation reflected the overall test of local adaptation. We report the results of tests for which equal variances were not assumed, as variances were significantly different for three of the six tests performed.
Results
Reduced antagonism is only observed under co-passaging
After 20 generations of selection, we quantified the response to selection for reduced antagonism by measuring the frequency and fecundity of ruby-throated hosts. We compared these traits in the following pairings: ancestral hosts and parasites; control hosts and parasites; singly-passaged hosts and parasites; co-passaged hosts and parasites (Table 1A) . If coevolution contributes to reduced antagonism, we predicted that the co-passaged pairing would show the greatest response to selection for reduced antagonism.
Increased frequency of the ruby-throated phenotype is consistent with reduced antagonism, because host and parasite engage more frequently in persistent, non-lethal interactions. The frequency of the ruby-throated phenotype did not differ between host-parasite combinations (Table S1A : F (3,12) =0.938, p=0.453). Specifically, the frequency did not increase in evolved relative to ancestral pairings (linear contrast: p=0.254, one-tailed) (Fig. S2A, bar a≈b,c,d ).
Thus experimental selection did not alter rates of persistent association between host and parasite.
Reduced antagonism was observed when measured as changes in fecundity over the course of the experiment. Increased fecundity of ruby-throated hosts is consistent with reduced antagonism, because the fitness cost of an active infection is reduced. The fecundity of rubythroated hosts differed between host-parasite combinations (Table S2A : F (3,12) =4.643, p=0.022)( Fig. 2A) : ruby-throated hosts from co-passaged pairings displayed significantly elevated fecundity relative to ancestral (p=0.015, bar d>a), control (p<0.001, d>b), and singly-passaged (p<0.001, d>c) pairings. Control and singly-passaged pairings did not differ from the ancestral pairing (p=0.481, a≈b; p=0.521, a≈c, respectively), nor from one another (p=1.00, b≈c). Thus, among these pairings, a response to selection for reduced antagonism only occurred in the host-parasite pairs that had the potential for coevolution.
However, singly-passaged hosts and parasites may have evolved reduced antagonism specifically in combination with the parasite and host populations, respectively, that they encountered during the experiment. Therefore, we also compared ruby-throated fecundity in the pairings under selection in experimental evolution: singly-passaged hosts with ancestral parasites, ancestral hosts with singly-passaged parasites, and co-passaged hosts with copassaged parasites (Table 1B) . The fecundity of ruby-throated hosts again differed significantly (Table S2B : F (2,8) =5.073, p=0.038), with the co-passaged pairing having significantly higher fecundity than either singly-passaged pairing (host: p=0.014, bar d>f; parasite: p=0.013, d>i)( Fig. 2A-C) . Furthermore, singly-passaged host and parasite populations did not differ in their response to selection: ruby-throated fecundity of singlypassaged hosts with ancestral parasites did not differ from singly-passaged parasites with ancestral hosts (p=0.999, f≈i). Therefore, reduced antagonism evolved only when coevolution was possible.
Host evolution alone cannot explain reduced antagonism
We only observed reduced antagonism in the co-passaged pairing, arguing for a role for coevolution. However, the case for coevolution would be significantly weakened if traits in the co-passaged host or parasite populations alone could explain the reduction in antagonism. We first tested if co-passaged host populations alone could recapitulate the increase in ruby-throated fecundity of the co-passaged pairing. To do so, we asked if the fecundity of co-passaged hosts exceeded that of control and singly-passaged hosts when all were paired with ancestral parasites (Table 1C ; Fig. 2B , bar g vs. e,f). The fecundity of rubythroated hosts did not differ between any pairings with ancestral parasites (Table S2C: F (3,12.31) =0.142, p=0.933) . Therefore evolution of co-passaged hosts alone cannot explain reduced antagonism in the co-passaged pairing.
Moreover, a general increase in the fecundity of healthy co-passaged hosts cannot explain the elevated ruby-throated fecundity. We observed no significant difference in the fecundity of uninfected hosts from the ancestral, control, singly-passaged, and co-passaged populations (Table S3: F (2,8) =3.160,p=0.097) (Fig. S3) .
Parasite evolution alone cannot explain reduced antagonism
We then tested if the co-passaged parasite populations alone could recapitulate the increase in ruby-throated fecundity of the co-passaged pair. To do so, we asked if the fecundity of ancestral hosts infected with co-passaged parasites exceeded that of ancestral hosts infected with control and singly-passaged parasites (Table 1D ; Fig. 2C, bar j vs. h,i) . The difference in fecundity of ruby-throated hosts from these pairings was marginally significant (Table  S2D: F (3,12) =2.784, p=0.086) due to the relatively depressed fecundity of co-passaged parasites with ancestral hosts. This result strongly argues that the evolution of co-passaged parasites alone cannot explain reduced antagonism in the co-passaged pairing.
Moreover, decreased virulence of the co-passaged parasite populations cannot explain the elevated ruby-throated fecundity. We measured the mortality rate of ancestral hosts exposed to ancestral, control, singly-passaged, and co-passaged parasites. Mortality rate differed significantly between parasite treatment (Table S4: F (3,12) =14.370, p<0.001) (Fig. S4) : ancestral parasites induced a significantly higher mortality rate than all other parasites (p<0.001 for each). Mortality rate with co-passaged parasites was low but equivalent to that of control (p=0.407) and singly-passaged (p=0.878) parasites. Parasite virulence declined uniformly across all experimental treatments and thus cannot explain reduced antagonism in the co-passaged pair.
Strong local adaptation is evidence for coevolution
Our results indicate that coevolution was critical to the response to selection for reduced antagonism. However, the degree to which co-passaged hosts and parasites coevolved was uncertain. Tests of local adaptation are commonly used to detect reciprocal adaptation. We measured ruby-throated fecundity in fully reciprocal cross-infections among our five copassaged host and parasite populations. Consistent with local adaptation, we found a significant interaction effect of co-passaged host and parasite population (line) on rubythroated fecundity (Table S5A: F (16,298) =3.560, p<0.001) (Fig. 3) .
Given this significant interaction, we tested the hypothesis that ruby-throated fecundity in sympatric pairings exceeds that in allopatric pairings. We first made the comparison across all co-passaged host and parasite lines. Consistent with local adaptation, we found that the ruby-throated fecundity of sympatric pairings significantly exceeded that of allopatric pairings (Table S5B: p<0.001) (Fig. 3A) .
We then made the comparison for each replicate population within the co-passaged treatment by contrasting each sympatric host-parasite pairing with its eight possible allopatric pairings (i.e. the focal host population paired with the four allopatric parasite populations and the focal parasite population paired with the four allopatric host populations). Consistent with local adaptation, the fecundity of the sympatric pairing exceeded that of allopatric pairings to a significant degree for host and parasite lines 1,2,4 and 5 and marginally for host and parasite lines 3 (Table S5B : 1: p=0.017; 2: p=0.027; 3: p=0.059; 4: p=0.046; 5: p<0.001; one-tailed tests) (Fig. 3B) . These results suggest rapid divergence among replicate populations in the co-passaged treatment, consistent with coevolution of co-passaged host and parasite populations.
Discussion
In this study, we tested the hypothesis that coevolution can contribute to the evolution of reduced antagonism between hosts and parasites. We selected directly on a phenotypic indicator of reduced antagonism under conditions that either did or did not permit coevolution. Our results strongly support the coevolution hypothesis: after 20 generations of selection, reduced antagonism only evolved in response to selection when coevolution was possible ( Fig. 2A) .
We found no support for the idea that reduced antagonism arose from the evolution of host or parasite traits alone (Fig. 2B,C) . Co-passaged host or parasite lineages, when paired with ancestral parasites or hosts, respectively, did not show reduced antagonism. We particularly note that declines in parasite virulence alone were insufficient for reduced antagonism. The virulence of the co-passaged parasite lineages towards ancestral hosts was no lower than that of singly-passaged and control parasite lineages: virulence declined in all experimental and control parasite lineages (Fig. S4) . A possible explanation for this is that the free-living generations during experimental evolution of the parasite lines (growth in LB or on agar plates) exerted negative or relaxed selection on virulence or correlated traits (Caraco and Wang 2008; Friman et al. 2009; Mikonranta et al. 2012; Wasik et al. 2015) . Regardless of the mechanism, differential evolution of virulence in our experimental lines cannot explain the reduced antagonism observed in the co-passaged pairing.
Our results argue that the evolution of reduced antagonism required coevolution, which may result in local adaptation (Parker 1985; Lively 1989) . We found strong evidence of local adaptation of co-passaged host and parasite lineages for reduced antagonism (Fig. 3) , further demonstrating that co-passaged host and parasite lineages did indeed coevolve. These results also demonstrate that adaptation of co-passaged host and parasite replicate lines occurred rapidly, within 20 generations of selection. This is particularly noteworthy given that genetic drift likely reduced the fixation probability of beneficial mutations in our experiment (Gillespie 1998) . Thus, our results may have been stronger with larger effective population sizes. Finally, local adaptation indicates that replicate pairs diverged rapidly, arriving at reduced antagonism via distinct evolutionary routes. We did use genetically distinct ancestral populations to establish our five replicate host lines, which may explain why we see such a strong signal of divergence between our pairings. However, the use of distinct ancestral host lineages makes the repeated evolution of reduced antagonism in the copassaged treatment even more striking.
Taken together, our findings argue that reduced antagonism arises from the interaction of reciprocally adapting host and parasite lineages. We therefore propose that coevolution may contribute to the evolution of reduced antagonism when selection is imposed by fitness alignment under vertical transmission (positive fitness covariance) (Bull et al. 1991; Herre 1993; Clayton and Tompkins 1994; Lipsitch et al. 1996; Turner et al. 1998; Messenger et al. 1999; Stewart et al. 2005; Sachs and Wilcox 2006) . Our findings also show that reduced antagonism can evolve without vertical transmission if selection is directly imposed and coevolution is present. It is unlikely that we imposed any indirect selection via fitness alignment, because the parasite is horizontally transmitted. Moreover, parasite fitness also depended on reproduction during the "free-living" phase: multiple free-living generations alternated with selection events during infection. Similar transmission modes are common in nature, including in mutualisms of Vibrio bacteria with squid and rhizobia with legumes (as reviewed in Bright and Bulgheresi 2010) .
In addition, fitness alignment should correspond to an increase in the frequency of the rubythroated phenotype, which we did not observe. When a parasite genotype establishes the ruby-throated phenotype with minimal cost to its host, that host genotype will comprise a larger proportion of the next host generation. Assuming genetic specificity of ruby-throated host and parasite, those parasite offspring will then have more opportunities for host establishment. The frequency of the ruby-throated phenotype should accordingly increase. The fact that we failed to observe any increase in frequency argues against fitness alignment in our study. The lack of response in ruby-throated frequency in our study may alternately be due to limited additive genetic variance for this trait following prior evolution of these host populations (Morran et al. 2011 ).
Previous studies of fitness alignment have demonstrated that reduced antagonism arises from an interaction of host and parasite genotypes, which hints at the significance of coevolution (Traub 1939; Bull et al. 1991; Bull and Molineux 1992) . After selection under vertical transmission of bacteriophage f1 with Escherichia coli, Bull and Molineux (1992) observed increases in the growth rate of infected host populations and in phage-mediated protection against infection by alternate phages. For most experimental lines, growth rate and protection were greater when phage were paired with their co-passaged hosts than with the ancestor. Several studies, however, present contradictory results: evolution of host (Helling et al. 1981; Bouma and Lenski 1988) or parasite traits alone (Jeon 1972; Sachs and Wilcox 2006; Weeks et al. 2007; Jansen et al. 2015) could explain the observed reduction in antagonism. Importantly, these studies all examined the endpoint of long-term selection under vertical transmission, rather than directly testing the role of coevolution.
Here, we directly tested the contribution of coevolution under horizontal transmission. Our experimental coevolution design is particularly powerful in contrasting coevolution with independent evolution (Brockhurst and Koskella 2013) and could be applied to many other experimental symbiosis models in which partners can be dissociated (Denison et al. 2003; e.g. Stewart et al. 2005; Sachs and Wilcox 2006; Hillesland and Stahl 2010; Jansen et al. 2015) . Overall, we find that coevolution is critical to the evolution of reduced antagonism. Similar investigations of natural symbioses are required to determine if coevolution is generally a factor in evolutionary transitions towards reduced antagonism. Further support Five experimental evolution treatments were established to evaluate the role of coevolution in the evolution of host-parasite antagonism. Selection for the ruby-throated phenotype was performed on Serratia Selection Plates (SSPs). Twenty ruby-throated adults were then transferred to new plates to reproduce. In the co-passaged treatment, in which coevolution was possible (center row), both the F1 ruby-throated hosts and parasites were propagated for an additional generation. F2 hosts and parasites were then combined on a new SSP for the next generation of selection. In the singly-passaged treatments, ruby-throated hosts (2 nd row) and parasites (4 th row) were passaged with static ancestral parasite andhost populations, respectively. In the control treatments, healthy hosts (1 st row) and free-living parasites (5 th row) were passaged in the absence of live parasites or hosts, respectively.
Figure 2. Fecundity of ruby-throated hosts
The fecundity of ruby-throated hosts across different pairings of host and parasite populations. (A) Host and parasite pairings according to shared evolution history. The fecundity of co-passaged pairings was significantly elevated relative to ancestral, control, and singly-passaged pairings. (B) Hosts paired with ancestral parasites. Ruby-throated fecundity did not differ when host populations were paired with the same (ancestral) parasite population. (C) Parasites paired with ancestral hosts. Ruby-throated fecundity differed marginally when parasite populations were paired with the same (ancestral) host populations. The dashed line marks the starting point of experimental evolution: mean rubythroated fecundity resulting from pairing ancestral hosts with ancestral parasites. Each bar is an average of fecundity counts obtained from 150 ruby-throated hermaphrodites (10 hermaphrodites per replicate assay plate, three replicates per each of five lines), and error bars give the standard error of mean fecundity counts. Individual bars are referred to by letter in the text. Reciprocal cross-infections of co-passaged host and parasite lines were performed to test for local adaptation. (A) Sympatric co-passaged pairings displayed significantly higher fecundity than allopatric pairings. The allopatric bar is an average of fecundity counts obtained from 300 hermaphrodites (15 hermaphrodites from each of 20 allopatric combinations), and the sympatric bar is an average of 75 hermaphrodites (5 sympatric combinations). (B) Each co-passaged host-parasite pairing supports the results of the overall analysis: ruby-throated fecundity was significantly higher in sympatric relative to allopatric pairings for lines 1,2,4, and 5 (*) and marginally significantly for line 3 (^). Each point is an average of fecundity counts obtained from 15 hermaphrodites, and all error bars give the standard error of mean fecundity counts.
